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In a recently proposed scenario, where the dilaton decouples while cosmologically attracted to- 
wards infinite bare string coupling, its residual interactions can be related to the amplitude of 
density fluctuations generated during inflation, and are large enough to be detectable through a 
modest improvement on present tests of free-fall universality. Provided it has significant couplings 
to either dark matter or dark energy, a runaway dilaton can also induce time- variations of the natural 
"constants" within the reach of near-future experiments. 



PACS numbers: ll.25.-w, 04.80. Cc, 98.80. Cq 

A striking prediction of all string theory models is the 
existence of a scalar partner of the spin 2 graviton: the 
dilaton 0, whose vacuum expectation value (VEV) de- 
termines the string coupling constant gs = e"^^^ j^]. At 
tree level, the dilaton is massless and has gravitational- 
strength couplings to matter which violate the equiva- 
lence principle . This is in violent conflict with present 
experimental tests of general relativity. It is generally 
assumed that this conflict is avoided because, after su- 
persymmetry breaking, the dilaton might acquire a (large 
enough) mass (say > 10~^ eV so that observable devi- 
ations from Einstein's gravity are quenched on distances 
larger than a fraction of a millimeter) . However, Ref. ||] 
(see also jj]) has proposed a mechanism which can nat- 
urally reconcile a massless dilaton with existing experi- 
mental data. The basic idea of Ref. |^ was to exploit the 
string-loop modifications of the (four dimensional) effec- 
tive low-energy action (we use the signature — h ++) 
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the 0-dependence of the various coefficients Bi{(j)), 
g,(j>,F, . . . , given in the weak-coupling region (e"^ 
0) by series of the form Bi{(j)) = e^"^ 



i.e 
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coming from genus expansion of string the- 



ory. It was shown in ||3| that, if there exists a special 
value ipra of <f> which extremizes all the (relevant) cou- 
pling functions B^^{4>), the cosmological evolution of 
the graviton-dilaton-matter system naturally drives (p to- 
wards (j)m (which is a fixed point of the Einstein-dilaton- 
matter system). This provides a mechanism for fixing 
a massless dilaton at a value where it decouples from 



matter ("Least Coupling Principle"). In this letter, we 
consider the case (recently suggested in Q) where the 
coupling functions, at least in the visible sector, have 
a smooth finite limit for infinite bare string coupling 
gs ^ oo. In this case, quite generically, we expect 



B,(0) = C, + O(e-^), 



(2) 



Under this assumption, the coupling functions are all ex- 
tremized at infinity, i.e. a fixed point of the cosmological 
evolution is ipm = +oo. [See Q for an exploration of the 
late-time cosmology of models satisfying (||).] We found 
that the "decoupling" of such a "run-away" dilaton has 
remarkable features: (i) the residual dilaton couplings 
at the present epoch can be related to the amplitude of 
density fluctuations generated during inflation, and (ii) 
these residual couplings, while being naturally compati- 
ble with present experimental data, are predicted to be 
large enough to be detectable by a modest improvement 
in the precision of equivalence principle tests (non uni- 
versality of the free fall, and, possibly, variation of "con- 
stants"). This result contrasts with the case of attraction 
towards a finite value (pm which leads to extremely small 
residual couplings . 

We assume some primordial inflationary stage driven 
by the potential energy of an inflaton field Working 
with the Einstein frame metric g^^ = Bg{4>) g^u, and 
with the modified dilaton field ip = J d<i)[[i/ ^){B'g/ Bgf + 
B'^/Bg + (1/2) B^l BgY^'^ , we consider an effective action 
of the form 



S = d Xy/g 



(3) 
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where mp = 1/{4ttG) = 4Cg/a', and where the dila- 
ton dependence of the Einstein-frame action is related 
to its (generic) string- frame dependence ([^) by F{(p) = 
B^{cl,)/BM , Vix, = C2 m-p'^Bficj,) y(x, 0). ^ 

Under our basic assumption dip/dcp tends, in the 
strong-couphng Umit (j) ^ +00, to the constant 1/c, with 
c = {2Cg/C^Y^'^, so that the asymptotic behaviour of 
the bare string couphng is 
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Let us consider the case where F((p) — 1 and V(Xi "y^) = 
\(}p) /n with a dilaton-dependent inflaton couphng 
constant X{^) of the form 



A(^) = Aoo(l + 6Ae-^^) 



(5) 



where we assume that bx > 0, i.e that X{(p) reaches a 
minimum at strong-couphng, ip —^ +00. It is shown in 
that this simple case is representative of rather general 
cases of </j-dependent inflationary potentials V{x,^) 

During inflation (ds^ = —dt'^ + a?{t)5ij dx^ dx^), it is 
easily seen that, while x slowly rolls down towards x ^^ 
the dilaton is monotically driven towards large values. 
The solution of the (classical) slow-roll evolution equa- 
tions leads to 
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const. 
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Using the result (^), we estimate the value tpcnd of tp 
at the end of inflation by inserting for the initial value 
Xin of the inflaton the value corresponding to the end of 
self-regenerating inflation . We remark that the latter 
value can be related to the amplitude ~ 5 x 10~^ of 
density fluctuations, on the scale corresponding to our 
present horizon, generated by inflation, through Xin — 

((^ff)"^^^"'*'^^- Finally, assuming ( 
get the estimate: 



we 



u.bc'bx iSHy~ 
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A more general study of the run-away of the dilaton 
during inflation (including an estimate of the effect of 
quantum fluctuations) only modifies this result by a fac- 
tor 0(1). It is also found that the present value of the 
dilaton is well approximated by (fend- 

Eq. (|^) tells us that, within our scenario, the smallness 
of the present matter couplings of the dilaton is quan- 
titatively linked to the smallness of the (horizon-scale) 
cosmological density fluctuations. To be more precise, 
and to study the compatibility with present experimen- 
tal data, we need to estimate the crucial dimensionless 
quantity 



(8) 



which measures the coupling of to a massive particle 
of type A. The definition of aA is such that, at the New- 
tonian approximation, the interaction potential between 



particle A and particle B is —GAB'mA'mB/rAB where 
Gab = G{1 + aACiB)- Here, G is the bare gravita- 
tional coupling constant entering the Einstein-frame ac- 
tion (|^) , and the term a a ctB comes from the additional 
attractive effect of dilaton exchange. 

Let us first consider the (approximately) composition- 
independent deviations from general relativity, i.e. those 
that do not essentially depend on violations of the equiv- 
alence principle. Most composition-independent gravita- 
tional experiments (in the solar system or in binary pul- 
sars) consider the long-range interaction between objects 
whose masses are essentially baryonic (the Sun, plan- 
ets, neutron stars). As argued in the relevant cou- 
pling coefficient aA is then approximately universal and 
given by the logarithmic derivative of the QCD confine- 
ment scale AQCD(<i5), because the mass of hadrons is es- 
sentially given by a pure number times Aqcd (</')■ [We 
shall consider below the small, non-universal, corrections 
to mAif) and aA^f) linked to QED effects and quark 
masses.] Remembering from Eq. (||) the fact that, in the 
string frame (where there is a fixed cut-off linked to the 
string mass Ms ^ (q^')~^^^) the gauge coupling is dilaton- 
dependent {gp^ — Bp{lp)), we see that (after conformal 
transformation) the Einstein-frame confinement scale has 
a dilaton-dependence of the form 

Aqcd(v) - Bg^'\^) exp[-8^2 ^-1 ^^^^^j ^ 

(9) 

where 63 denotes the one-loop (rational) coefRcient en- 
tering the Renormalization Group running oi gp- Here 
Bf{(p) denotes the coupling to the SU(3) gauge fields. 
For simplicity, we shall assume that (modulo rational co- 
efficients) all gauge fields couple (near the string cut off) 
to the same Bp{(p). This yields the following approxi- 
mately universal dilaton coupling to hadronic matter 



ahad(v') 



In 



Aqcd/ 2] 
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Numerically, the coefficient in front of the R.H.S. of (|1C 
is of order 40. Consistently with our basic assumption 
(^) , we parametrize the ip dependence of the gauge cou- 
pling gj,^ Bp^ as 

Bp\p,)^Bp\+^)[l-bFe-'^'^]. (11) 

We finally obtain 

ahad('^)-40 6;^ce-^'^. (12) 

Inserting the estimate (|^) of the value of ip reached be- 
cause of the cosmological evolution, we get the estimate 



bp ^- 

ahad('^ond) - 3.2 - — 5^+^ 
bxc 



(13) 
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It is plausible to expect that the quantity c (which is a 
ratio) and the ratio bp/bx are both of order unity. This 



then leads to the numerical estimate cx^^ 
5 X 10-5 



with 6h — 5 X IQ-^. An interesting aspect of this 
result is that the expected present value of de- 
pends rather strongly on the value of the exponent n 
(which entered the inflaton potential V{x) oc x")- 



the case n 



(i.e. V{x) - ^mlx^) 



^) we have a? 



had 



2.5 X 10-8, while if n = 4 {V{x) = lAx'*) we have 
"^had ^ 1-8 X 10^5. Both estimates are compatible with 
present (composition-independent) experimental limits 
on deviations from Einstein's theory (in the solar sys- 
tem, and in binary pulsars). For instance, the "Edding- 
ton" parameter 7 — 1 ~ ~2q!^^j^ is compatible with the 
present best limits I7 — 1| ^ 2 x IQ-^ coming from Very 
Long Baseline Interferometry measurements of the de- 
flection of radio waves by the Sun . 

Let us consider situations where the non-universal 
couplings of the dilaton induce (apparent) violations 
of the equivalence principle. This means considering 
the composition-dependence of the dilaton coupling a a, 
Eq. (H), i.e. the dependence of a a on the type of mat- 
ter we consider. Two test masses, made respectively of 
A- and B-type particles will fall in the gravitational field 
generated by an external mass tue with accelerations dif- 
fering by 



= 2 

AB 



qa - as 



as 



{aA ~ O-b) OLE ■ 



(14) 



We have seen above that in lowest approximation a a — 
Q^had does not depend on the composition of A. We need, 
however, now to retain the small composition-dependent 
effects to aA linked to the </3-dependence of QED and 
quark contributions to rtiA- This has been investigated 
in [|j with the result that ola — cthad depends linearly 
on the baryon number B = iV -f Z, the neutron excess 
D = iV-Z, and the quantity E = Z{Z - 1) / {N + Z)^/^ 
linked to nuclear Coulomb effects. Under the plausible 
assumption that the latter dependence is dominant, and 
using the average estimate A{E/M) ~ 2.6 (applicable to 
mass pairs such as (Beryllium, Copper) or (Platinum, Ti- 
tanium)), one finds that the violation of the universality 
of free fall is approximately given by 



Aa 
a 



5.2 X 10" 
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*had 



5.2 X 10" 



bF_ 

bx c 



(15) 



This result is one of the main predictions of our model. If 
we insert the observed density fluctuation (5/^^5x10"^, 
we obtain a level of violation of the universality of free 
fall (UFF) due to a run-away dilaton which is Aa/a ~ 
1.3{bF/{bxc))^ X 10^12 for n = 2 (i.e. for the simplest 
chaotic inflationary potential V{x) = 5 "^x^*^) 
Aa/a ~ 0.98(6f/(6ac))2 x 10-^ for n = 4 (i.e. for 



^(x) = jM4')x^)- The former case is naturally com- 
patible with current tests (at the ~ IQ-^^ level [|2]) of 
the UFF. Values n > 4 of the exponent require (within 
our scenario) that the (unknown) dimensionless combi- 
nation of parameters {bp / {bx c))^ be signiflcantly smaller 
than one. 

Let us also consider another possible deviation from 
general relativity and the standard model: a possible 
variation of the coupling constants, most notably of the 
fine structure constant /tic on which the strongest lim- 
its are available. Consistently with our previous assump- 
tions we expect oc Bp^{ip) so that, from (pTj), e'^{ip) = 
e^(-l-oo) [1 — bp e~'^'^]. The present logarithmic variation 
of (introducing the derivative ip' = dtp /dp with re- 
spect to the "e-fold" parameter dp = H dt — da /a) is 
thus given by 



din 
Hdt 



bpce-'^tp'^ 
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The current value of ip' , ip'^, depends on the coupling 
of the dilaton to the two currently dominating energy 
forms in the universe: dark matter (coupling 0;™ (</?)), 
and vacuum energy (coupling ay = ^ dh\V [ip) / d p) . In 
the slow-roll approximation, one finds 



{Vim + 2J7y)^^ 



-fimOfm — 4f2yQ!y. 



(17) 



where VLm and are, respectively, the dark-matter- 
and the vacuum- fraction of critical energy density {pc = 
(3/2)m|,iJ^). The precise value of (jCq is model-dependent 
and can vary (depending under the assumptions one 
makes) from an exponentially small value (</?' ~ e~'^^) to 
a value of order unity. In models where either the dilaton 
is more strongly coupled to dark matter than to ordinary 
matter [ pT[, or /and plays the role of quintessence (as sug- 
gested in 1^), can be of order unity. Assuming just 
spatial flatness and saturation of the "energy budget" by 
non-relatistic matter and dilatonic quintessence, one can 
relate the value of tp' = dp}/ {Hdt) to H.^ and to the decel- 
eration parameter (7 = —da/ a?: pJ'^ = l+g— 3r2„j/2. This 
yields the following generic, model-independent relation 
between the present time variation of e^, cosmological 
observables and the level of UFF violation 



TTTI Hdt 



± 3.5 X 10"^ a/1 + 90 - 3rJ™/2 \\ 10 
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Note that the sign of the variation of is in general 
model-dependent ( as it depends both on the sign oibp 
and the sign of p'^). Specific classes of models might, 
however, favour particular signs of de^ /dt. For instance, 
within the assumptions of and ||^ it is natural to ex- 
pect that be currently increasing. 

The phenomenologically interesting consequence of 
Eq. ( p^ is to predict a time-variation of constants which 



3 



may be large enough to be detected by high-precision lab- 
oratory experiments. Indeed, using Hq ~ 66 km/s/Mpc, 
and the plausible estimates — 0.3, qo = —0.4, 
Eq. ( |l8| ) yields the numerical estimate d\ne^/dt ~ ±0.9 x 
10^^ \/lO^^Aa/ayr~^. Therefore, the current bound 
on UFF violations (Aa/a ~ 10^^^ corresponds to 
the level 10~^^yr~^, which is comparable to the planned 
sensitivity of currently developed cold-atom clocks [ p^ . 
[Present laboratory bounds are at the 10~^''yr~^ level 
1^,^.] We note also that the upper limit on the vari- 
ation of given by the Oklo data, i.e. \d\ne'^/dt\ 



< 



5 X 10^ yr^ [|15|, "corresponds" to a violation of the 
UFF at the level ~ 10"^'^. Of course, present measure- 
ments are not accurate enough to exclude an almost exact 
cancellation occurring in I + Qq — 3r2,„/2: our work points 
at the relevance of establishing whether or not this can 
be excluded. 

We have also studied |^ the variation of over cos- 
mological times. By taking into account the constraints 
coming from the need to be compatible with current cos- 
mological data, we find that there is no way, within our 
model, to explain a variation of as large as the recent 
claim le) AeVe^ = (-0.72 ± 0.18) x IQ-^ around red- 
shifts z « 0.5 — 3.5. The largest possible variation we 
find (reached only if the UFF violation is just below the 
10"^'^ level, and if ip is rather strongly coupled to dark 
matter), is of order Ae^/e^ — ±1.9 x 10~^. This is only 
a factor ~ 4 below the claim 16 1 and is at the level of 
their one sigma error bar. Therefore a modest improve- 
ment in the observational precision (accompanied by an 
improved control of systematics) will start to probe a 
domain of variation of constants which, according to our 
scenario, corresponds to an UFF violation smaller than 
the 10-^2 igvgi_ 

Our results suggest that the residual dilaton couplings 
today (as determined by a cosmological "attraction" to- 
wards the fixed point at infinite bare string coupling) are 
just below the level a^ad ~ 2. 5 x 10~^ corresponding 
to a violation of the UFF at the Aa/a ^ 10^^^ level. 
This gives additional motivation for improved tests of 
the UFF, such as the Centre National d'Etudes Spa- 
tiales (ONES) mission MICROSCOPE @ (to fly in 
2004; planned sensitivity: Aa/a ~ 10~^^), and the Na- 
tional Aeronautics and Space Agency (NASA) and Eu- 
ropean Space Agency (ESA) mission STEP (Satellite 
Test of the Equivalence Principle; planned sensitivity: 
Aa/a ^ 10~^^) jl^. If our estimates are correct, these 
experiments should find a rather strong violation signal. 

Another possible observable signal of a weakly cou- 
pled run-away dilaton is the time-variation of the natu- 
ral constants. Here the conclusion depends crucially on 
the assumptions made about the couplings of the dilaton 
to the cosmologically dominant forms of energy (dark 
matter and/or dark energy). If these couplings are of 
order unity (and as large as phenomenologically accept- 
able) , the present time variation of the fine-structure con- 



stant is linked to the violation of the UFF by the rela- 
tion dlne^/dt ~ ±2.0 X IQ-^^ ^lO^^Aa/ayr-'^. Such a 
time variation might be observable ( if Aa/a is not very 
much below its present upper bound ^ 10~^^) through 
the comparison of high-accuracy cold- atom clocks and/or 
via improved measurements of astronomical spectra. The 
discovery of such a time variation (which is possible only 
if {rimCtm + 4f2yQ;y)/(f2m + ^Qy) is not too Small or, in 
terms of more observable quantities, if 1 + qo — 3fl„i/2 is 
of order 1), would then tell us that the dilaton plays an 
important cosmological role, either because it is strongly 
coupled to dark matter (a™ 1) or/and because it plays 
the role of quintessence (ay '--^ 1). 
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